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On the sources of Weddell Gyre Antarctic 
Bottom Water 
Michael P. Meredith, 1 Ricardo A. Locarnini, 2Kim A. Van Scoy, 3'4 
Andrew J. Watson, 3'5 Karen J. Heywood, • and Brian A. King e 
Abstract. In March-April 1995, as part of the World Ocean Circulation 
Experiment section A23, we completed 49 hydrographic stations across the Weddell 
Gyre and southern Antarctic Circumpolar Current, from the Antarctic continental 
shelf (72.5øS, 16.5øW) to South Georgia (55øS, 34.5øW). Chlorofiuorocarbon (CFC- 
11, CFC-12, and CFC-113) data collected at these stations reveal that distinct 
sources renew the Antarctic Bottom Water (defined as waters with potential tem- 
peratures less than 0øC) of the Weddell Gyre. Weddell Sea Bottom Water (defined 
as waters with potential temperatures less than-0.7øC) formed in the western 
Weddell Sea has CFC concentrations about 5 to 6 times higher in the eastward 
flowing northern Weddell Gyre than in the westward flowing southern limb. Our 
CFC measurements suggest that distinct sources of Weddell Sea Bottom Water 
exist in the western Weddell Sea, in agreement with previous descriptions based 
on potential temperature and salinity signals. In the northern Weddell Gyre, high 
CFC concentrations in Weddell Sea Deep Water, potential temperatures between 
0øC and-0.7øC, confirm the long-recognized sources for this water mass in the 
western and southwestern Weddell Sea. In the southern Weddell Gyre at about 
20øW and along the Antarctic continental slope, Weddell Sea Deep Water with 
potential temperatures around -0.45øC shows a deep CFC maximum about 1000 m 
above the seafloor. CFC concentrations in this deep southern core are about 80% 
of those of new Weddell Sea Deep Water in the northern Weddell Gyre near 30øW. 
The A23 CFC and hydrographic data are not consistent with the hypothesis that 
Weddell Sea Deep Waters are derived from a single source in the western Weddell 
Sea. Instead, these tracers suggest that an important portion of the Weddell Sea 
Deep Water in the southern Weddell Gyre originates outside the western Weddell 
Sea, probably near the Amery Basin and environs, around 75øE. These features of 
the circulation and renewal of the deep Weddell Gyre should be carefully considered 
in simulations dealing with fluxes, pathways, and formation rates of Antarctic 
Bottom Water. 
1. Introduction and Background 
Cold, deep water formed around Antarctica has 
attracted the attention of oceanographers ince its first 
descriptions more than 100 years ago (see Warren [1981] 
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for a historical review). Usually referred to as Antarc- 
tic Bottom Water, this water, together with the deep 
water formed in the North Atlantic, replenishes the 
bottom layer of the world oceans. Because near-surface 
waters participate in its formation [e.g., Gill, 1973], new 
Antarctic Bottom Water has relatively high concentra- 
tions of atmospheric gases, such as oxygen and chlo- 
rofluorocarbons (CFCs). The formation of Antarctic 
Bottom Water and its subsequent circulation is impor- 
tant in studies of the oceanic heat and salt freshwater 
fluxes. It is widely recognized that better understanding 
of these processes is necessary for studies of the oceans' 
role in the Earth's climate system. 
Antarctic Bottom Water forms predominantly in the 
Weddell Sea and the Ross Sea [Gill, !973; Carmack, 
1977], although several other sources around Antarctica 
exist [Warren, 19811. The circulation of the Weddell 
Sea (Figure 1) is dominated by the cyclonic Weddell 
Gyre, which is located between the eastward flowing 
Antarctic Circumpolar Current and Antarctica. To the 
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Figure 1. Location of stations occupied during the World Ocean Circulation Experiment 
(WOCE) section A23 aboard RRS James Clark Ross, between March 30 and April 12, 1995. 
Bathymetry is in kilometers. 
west it is bounded by the Antarctic Peninsula, and it 
extends eastward to about 30øE [Deacon, 1979; Orsi 
et al., 1993]. Antarctic Bottom Water of the Weddell 
Gyre is usually classified in two varieties: Weddell Sea 
Bottom Water with potential temperatures less than 
-0.7øC [Carmack and Foster, 1975], and Weddell Sea 
Deep Water [Reid et al., 1977] with potential temper- 
atures greater than -0.7øC. The upper boundary of 
Weddell Sea Deep Water, or the transition between 
Antarctic Bottom Water and Circumpolar Deep Wa- 
ter, is usually taken to exclude the densest water within 
Drake Passage [Reid et al., 1977]. Throughout the 
remainder of this manuscript we shall refer to Antarc- 
tic Bottom Water with potential temperatures between 
-0.7øC and 0øC as Weddell Sea Deep Water. 
Classical theories [e.g., Gill, 1973] state that Antarc- 
tic Bottom Water is a mixture including very cold (po- 
tential temperatures below 0øC) near-surface and dense 
shelf waters, and relatively warm (potential tempera- 
tures greater than 0øC) Circumpolar Deep Water. More 
recently, Foster and Carmack [1976] suggested that only 
the coldest variety of Antarctic Bottom Water (i.e., 
Weddell Sea Bottom Water) forms via the direct partic- 
ipation of cold near-surface and dense shelf waters, and 
that Antarctic Bottom Water warmer than -0.7øC (i.e., 
Weddell Sea Deep Water) is renewed via vertical mixing 
between Weddell Sea Bottom Water and Circumpolar 
Deep Water. These arguments led to the notion that 
Weddell Sea Deep Water was simply old, upwelled, re- 
circulated Weddell Sea Bottom Water. 
There is abundant evidence in the literature, however, 
which suggests a direct connection between Weddell Sea 
Deep Water and the Antarctic continental shelf. Car- 
mack and Foster [1975] suggested that different slopes 
in the potential temperature-salinity relationship of the 
Weddell Gyre Deep Waters represent direct sources of 
Antarctic Bottom Water with potential temperatures 
around -0.5øC. Orsi et al. [1993] suggested that in 
addition to the upwelling of Weddell Sea Bottom Wa- 
ter, there may be a direct contribution to the renewal of 
Weddell Sea Deep Water from shelf waters. Locarnini et 
al. [1993] concluded that high CFC concentrations in 
the bottom layer of the Scotia Sea represent recently 
formed Weddell Sea Deep Water. Weppernig et al. 
[1996] used helium and oxygen isotope data to discuss 
the formation of Weddell Sea Deep Water, and con- 
cluded that Weddell Sea Deep Water is formed in the 
western Weddell Sea. However, their analysis of tracer 
signals included all waters below Circumpolar Deep Wa- 
ter, that is, the Weddell Sea Deep Water and Weddell 
Sea Bottom Water combined. 
In this paper we use a recent CFC data set to present 
evidence of renewal of Weddell Sea Deep Water by di- 
rect contributions from the Antarctic continental shelf. 
We will argue that in addition to sources located in 
the western Weddell Sea (Figure 1), sources of Weddell 
Sea Deep Water also exist east of 16øW. Indeed, our 
CFC measurements indicate that an important portion 
of the Weddell Sea Deep Water in the southern Weddell 
Gyre forms outside the western Weddell Sea. Different 
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investigators have reported sources of Antarctic Bot- 
tom Water with Weddell Sea Deep Water characteris- 
tics around 75øE in the Amery Basin and environs [e.g., 
Jacobs and Georgi, 1977; Mantisi et al., 1991; Wong et 
al., 1998]. We suggest hat a portion of the Antarc- 
tic Bottom Water formed in this region flows westward 
along the Antarctic continental slope and appears in the 
southern Weddell Gyre at 20øW. 
Anthropogenically produced CFCs can, under ideal 
conditions, reveal information on the timescales of var- 
ious ocean processes, with resolution of close to 1 year. 
Measurable dissolved CFC-11 and CFC-12 in a sea- 
water sample indicates that the water was ventilated 
more recently than the early 1940s; measurable CFC- 
113 shows that water was ventilated since the mid- 
1970s. Throughout this manuscript, the term venti- 
lation will refer to any process which results in the 
imprinting of surface conditions on subsurface waters 
[Doney and Jenkins, 1988]. The atmospheric histories 
and solubilities of CFC-11 and CFC-12 result in unique 
seawater concentration ratios between the early 1940s 
and the mid-1970s, and the seawater concentration ra- 
tios of CFC-113 to both CFC-11 and CFC-12 provide 
unique transient tracers from the mid-1970s until the 
present. We use the term "apparent age" to describe 
the time difference between sample collection and the 
year which featured the observed tracer ratio in surface 
waters with temperatures typical of the formation re- 
gion [Wallace et al., 1994]. Although the theory behind 
CFC dating techniques is quite simplistic, several prob- 
lems make accurate quantitative results difficult to at- 
tain. The easiest calculation of an apparent age assumes 
that the water sampled left the surface in equilibrium 
with the atmosphere. However, it is known that surface 
waters, especially those in polar latitudes, can be un- 
dersaturated with respect to CFCs [e.g., Wallace and 
Lazier, 1988; Warner, 1988] and that the relative sat- 
urations of the tracers can be different [Warner, 1988]. 
Furthermore, the use of CFC ratios to derive apparent 
ages implicitly assumes that the water has mixed solely 
with tracer-free water since leaving the surface, or that 
it has not mixed at all. Neither of these conditions can 
be construed as being generally realistic. More specifi- 
cally, apparent ages based on the CFC-11/CFC-12 ra- 
tios are biased toward the age of younger water masses 
in the mixture sampled [Doney et al., 1997]. Despite 
these difficulties, careful analysis of CFC data has re- 
suited in some important contributions to our under- 
standing of the Southern Ocean [e.g., Whitworth et al., 
1991; Schlosser et al., 1991]. 
2. Hydrographic and CFC 
Measurements 
The data presented here were collected during the 
World Ocean Circulation Experiment (WOCE) section 
A23 aboard the RRS James Clark Ross [Heywood and 
King, 1996]. Figure 1 shows the location of stations oc- 
cupied in the Weddell and Scotia Seas between March 
30 and April 12, 1995. At each station we obtained 
profiles of temperature, conductivity, and pressure us- 
ing a Neil Brown MKIIIb conductivity-temperature- 
depth (CTD) profiler, and discrete water samples, using 
a rosette multisampler equipped with 24 10-L Niskin 
bottles. In this paper we use 2-dB CTD profiles, and 
measurements of trichloroftuoromethane (CFC-11), 
dichlorodiftuoromethane (CFC-12), and trichlorotriftu- 
oroethane (CFC-113). The precision of the data is 
0.001øC for temperature, 0.001 for salinity, the larger of 
0.006 pmol/kg or 1.3% for CFC-11, the larger of 0.007 
pmol/kg or 1.7% for CFC-12, and 0.004 pmol/kg for 
CFC-113. 
CFCs were measured using an analytical system de- 
veloped by the tracer group at the Plymouth Marine 
Laboratory, England, that is a modification of the sys- 
tem described by Haine et al. [1995]. Seawater samples 
were collected from the Niskin bottles with 100 mL sy- 
ringes. Syringes were stored under cold deaerated water 
on the deck of the ship until analysis. CFC bottle blanks 
were determined by simultaneously firing all bottles in 
water believed to be CFC free. A bottle blank equal 
to 0.019 pmol/kg was removed from all CFC-11 values 
presented here, and a bottle blank of 0.004 pmol/kg 
was removed from all CFC-12 values. The CFC-113 
bottle blank was below the minimum detection limit 
of 0.004 pmol/kg, hence no bottle blank was removed 
from the CFC-113 values. All CFC measurements were 
calibrated against a standard consisting of air collected 
at Niwot Ridge, Colorado, which was obtained from 
the Climate Monitoring and Diagnostics Laboratory of 
the National Oceanic and Atmospheric Administration. 
Rigorous calibration of our analytical system was car- 
ried out several times during the cruise. See Meredith 
et al. [1996] for details of the calibration procedure. All 
CFCs are reported in pmol/kg using the 1993 Scripps 
Institution of Oceanography calibration scale [Cunnold 
et al., 1994; Fraser et al., 1996] and assuming a labora- 
tory temperature of 18øC and in situ salinity. 
3. Observations 
Figure 2 shows vertical fields of potential tempera- 
ture, salinity, potential density anomaly, CFC-11, and 
CFC-113 between Antarctica and the North Scotia 
Ridge along WOCE section A23- see Figure 1 for sta- 
tion locations. A vertical section for CFC-12 is not 
shown here; it is, however, qualitatively very similar 
to CFC-11 with slight differences due to the shapes of 
the respective atmospheric histories, and the lower dy- 
namic range of CFC-12 analysis. The section in Figure 
2 spans the southern Antarctic Circumpolar Current 
(ACC) and the Weddell (lyre. Using the criteria defined 
by Orsi et al. [1995], we place the southern boundary of 
the ACC between stations 45 and 46. In the northern 
Weddell (lyre, an anticyclonic (warm) ring or meander 
of waters from the southern ACC is present at stations 
42-44. In the northern Scotia Sea, the slope of the 
isopycnals (Figure 2c) indicates the general eastward 
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flow of the ACC along the North Scotia Ridge. The 
dome of the isotherms and isopycnals (Figures 2a and 
2c) around station 23, just north of 65øS, indicates the 
approximate location of the axis of the Weddell Gym. 
The northern limb of the gyre flows eastward and ex- 
tends above the South Scotia Ridge into the southern 
Scotia Sea [Orsi et al., 1993], with the southern limb 
flowing westward south from the center of the gym. The 
sharp poleward downward slope of the isolines on the 
Antarctic continental slope (Figure 2) is associated with 
the westward flow of the Antarctic Slope Front system 
[Heywood et al., 1998]. 
The water masses of the Weddell Gym and south- 
ern ACC are easily recognized on the vertical fields 
of potential temperature and salinity (Figures 2a and 
2b). Antarctic Surface Water occupies the upper 200 
m in most of the section with salinities less than about 
34.4. Its potential temperature decreases poleward from 
about 2øC at 55øS to below-1.5øC in the Weddell Sea. 
On the Antarctic continental slope, the cold and fresh 
surface layer is influenced by the Antarctic Slope Front 
and deepens considerably. Waters colder than -1.5øC 
and fresher than 34.4 extend down to about 500 m in the 
upper continental slope. Figure 2 shows that dense shelf 
waters saltier than about 34.5 are absent on the conti- 
nental shelf around 16øW [e.g., Fahrbach et al., 1994a; 
Heywood et al., 1998]. 
The warm, salty layer below Antarctic Surface Water 
corresponds to Circumpolar Deep Water. In the ACC 
this is usually divided into Upper Circumpolar Deep 
Water, characterized by a potential temperature maxi- 
mum in the southern ACC (about 400 m deep in Figure 
2a), and Lower Circumpolar Deep Water, characterized 
by a salinity maximum (about 1200 m deep in Figure 
2b). At the southern boundary of the ACC, Upper Cir- 
cumpolar Deep Water is entrained in the surface layer 
[Orsi et al., 1995]; it is not present in the Weddell Gym. 
In the Weddell Gym the warm and salty core (potential 
temperature greater than 0øC and salinity above 34.67) 
is supplied by the Lower Circumpolar Deep Water of 
the ACC I Whitworth and Nowlin, 1987]. The potential 
temperature and salinity maxima at around 500 m near 
60øS are of smaller magnitude than immediately north 
or south; this is the signal of the Weddell-Scotia Con- 
fluence, formed by the influence of shelf waters from 
the western Weddell Sea on Lower Circumpolar Deep 
Water [ Whirworth et al., 1994]. 
Weddell Sea Deep Water, potential temperature be- 
tween 0øC and -0.7øC and salinity less than about 
34.67, is found below Lower Circumpolar Deep Water. 
In the Weddell Sea, Weddell Sea Deep Water occu- 
pies a thick layer between approximately 1400 m and 
4000 m. Weddell Sea Deep Water also fills the bottom 
layer of the Scotia Sea, flowing equatorward above and 
through deep gaps in the South Scotia Ridge [Locarnini 
et at., 1993]. Unlike Weddell Sea Deep Water, Wed- 
dell Sea Bottom Water, colder than -0.7øC and freshet 
than about 34.65, is constrained poleward of the South 
Scotia Ridge. It circulates cyclonically in the Weddell 
Gym and upwells into the Weddell Sea Deep Water layer 
[ Orsi et al., 1993]. 
The vertical fields of CFCs (Figures 2d and 2e) re- 
veal additional characteristics of the water masses in the 
Weddell Gyre and southern ACC which are not appar- 
ent from the classical tracers temperature and salinity. 
In Figures 2d and 2e, Antarctic Surface Water is charac- 
terized by the highest CFC concentrations, as expected 
for waters in direct contact with the atmosphere. Below 
Antarctic Surface Water, CFC concentrations decrease 
to a deep minimum layer, and then increase with depth, 
reflecting the recent influence of near-surface waters on 
the bottom layer. Along the North Scotia Ridge (sta- 
tions 50-52) at around 1400 m, CFC-11 concentrations 
lower than 0.05 pmol/kg indicate the low-CFC Lower 
Circumpolar Deep Water (Figures 2b and 2d) that en- 
ters the Scotia Sea via Drake Passage [Roether et at., 
1993]. Between stations 34 and 48, the CFC field de- 
picts the interaction of low-CFC Circumpolar Deep Wa- 
ter with both the comparatively high-CFC underlying 
Weddell Sea Deep Water and the recently ventilated 
waters of the Weddell-Scotia Confluence [Locarnini et 
al., 1993; Whirworth et al., 19941. Note in particular 
that the Circumpolar Deep Water in the ring or me- 
ander of ACC water (stations 42-44), which one might 
intuitively expect to feature much lower CFC values 
than the Weddell-Scotia Confluence waters, actually 
possesses comparable values (around 0.2 to 0.3 pmol/kg 
in CFC-11). The values in this ring/meander are very 
much higher than those in the least well ventilated Cir- 
cumpolar Deep Water observed in the Scotia Sea (CFC- 
11 less than 0.05 pmol/kg adjacent to the North Sco- 
tia Ridge); this is clear evidence of the modification of 
Circumpolar Deep Water by more recently ventilated 
waters as it flows through the Scotia Sea. 
In the northern Weddell Sea around 30øW, Weddell 
Sea Bottom Water has bottom CFC-11 concentrations 
higher than 1.0 pmol/kg and CFC-113 concentrations 
higher than 0.06 pmol/kg (Figure 2). This is Wed- 
dell Sea Bottom Water which has formed recently in 
the western Weddell Sea and is flowing eastward in the 
northern limb of the Weddell Gym along the southern 
flank of the South Scotia Ridge. There is a sharp de- 
crease in the bottom CFC concentrations between sta- 
tions 22 and 20. Weddell Sea Bottom Water observed in 
the southern Weddell Gym has CFC-11 concentrations 
as low as 0.2 pmol/kg and CFC-113 concentrations be- 
low the detection limit. 
In the eastern Scotia Sea, Weddell Sea Deep Wa- 
ter is warmer than about -0.4øC, but it has CFC-11 
concentrations around 0.5 pmol/kg and a clear CFC- 
113 bottom signal (Figure 2). In the northern Weddell 
Sea adjacent to the southern flank of the South Scotia 
Ridge, the isotherms and isopycnals associated with the 
recently formed Antarctic Bottom Waters are consider- 
ably less steep than the corresponding CFC isolines. 
This is a consequence of the bottom boundary cur- 
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Figure 2. Properties on vertical sections from data obtained during WOCE section A23, March 
30 to April 12, 1995' (a) potential temperature (øC), (b) salinity, (c) potential density anomaly 
(kg/m3), (d) CFC-11 (pmol/kg), and (e) CFC-113 (pmol/kg). Figure I shows the location of 
the section. Potential temperature, salinity, and potential density anomaly vertical fields were 
constructed using the 2 dB CTD data. Dots in Figures 2d and 2e indicate the locations of the 
water samples. Pluses and circles indicate relative maxima nd minima in the CFCs vertical 
fields. The dashed line in Figure 2e represents the minimum detectable l vel (0.004 pmol/kg) of 
CFC-113. 
rent's transporting new waters away from their source 
regions in the south and west Weddell Sea; the tran- 
sient nature of CFCs as tracers (compared to steady 
state tracers such as potential temperature), combined 
with outward mixing and advection from the bound- 
ary current, leads to the very different vertical fields 
observed. Consequently, for a given potential tempera- 
ture or density surface, CFC concentrations are higher 
close to the southern flank of the South Scotia Ridge 
than in the interior of the gyre. 
Poleward of the northern limb and toward the center 
of the gyre, CFC concentrations in Weddell Sea Deep 
Water decrease sharply (Figure 2), but the decreas- 
ing trend does not extend to the Antarctic continental 
margin. In the southern westward flowing limb of the 
Weddell Gyre, CFC-11 concentrations higher than 0.4 
pmol/kg and CFC-113 concentrations greater than 0.02 
pmol/kg are observed at a depth of 3500 m adjacent to 
the Antarctic continental slope. This deep, southern, 
high-CFC core has a maximum approximately 1000 m 
above the seafloor, corresponding to potential temper- 
atures around -0.45øC. 
4. Discussion and Conclusions 
For Weddell Sea Bottom Water, potential temper- 
atures less than -0.7øC, our data agree with earlier 
works that the most important source region is the west- 
ern Weddell Sea [Carmack and Foster, 1975]. CFC- 
11 concentrations higher than about 0.6 pmol/kg and 
CFC-113 concentrations higher than about 0.02 
pmol/kg associated with potential temperatures less 
than -0.7øC represent Weddell Sea Bottom Water re- 
cently formed in the western Weddell Sea flowing east- 
ward in the northern limb of the Weddell Gyre along the 
southern flank of the South Scotia Ridge. Around 25øW 
the Weddell Sea Bottom Water in the southern Weddell 
Gyre close to the Antarctic continental slope has CFC 
concentrations about 5 to 6 times smaller than those 
of the new Weddell Sea Bottom Water in the northern 
Weddell Gyre. Long transit from the source region and 
mixing with the old, recirculating bottom waters have 
reduced CFC-11 to about 0.2 pmol/kg and have reduced 
CFC-113 to below detection limits in the Weddell Sea 
Bottom Water of the southern Weddell Gyre. 
1098 MEREDITH ET AL.' WEDDELL GYRE ANTARCTIC BOTTOM WATER SOURCES 
(b) o 






40 38 36 34 32 30 28 26 24 22 20 18 16 14 1 1 9 7 5 3 
I I I • I •,-, I I I I 
4 
• _-'"'• . 34.60 / •'----34.68--"-----•_..-•' f-'"-- ------ 
•,:'"J "'34.69 • \ 
• •" 34.69 - •,__.._-•'"'•'"-'\J •,,•/•/' 34.68 •,'/'l f,------____• .... 34.68 • 










WEDDELL SEA SALINITY 
500 
T T-- 











40 38 36 34 32 30 28 26 24 22 20 18 16 14 11 9 75 3 
I I II • I I II II I I I I I I I I I I 1 
•-- • 27.8• 
'•%•' ••-- 27.82 -,_. ---.. • ....... 
½,•_ ••/,_.j 27.83 ••-• N 
37.14 •••__• • 
37.16 
37.16• 
--'-'/• •'--- • ••37.17• 












Figure 2. (continued) 
o (kg/m 3) 
2000 
MEREDITH ET AL.' WEDDELL GYRE ANTARCTIC BOTTOM WATER SOURCES 1099 
(d) 
52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 11 9 7 5 3 
ß : ß : . • . . ß . •'. : _.•/'• . : • ß - 
• •"f--••/ _ •r'---"--O 1----jj • 0.2 - • ••-03-'-- 
/;•'•. •r ß '/ •/•- ..... ,.:• ' ß ß • ß '•-• 
I 0.3 ' ß /. / -'F( ß ß % ß • -.I 
• ß ./ • . _,•_• . . • . • • _,,_ +/ • .. 
'/•{- -[- •03• ' e ' ß -i-M ß / ß o o / o•,. • ß • ß -- / - / I 
. , . . .x •< ß ß o. 1. -I- ß -•- '/ .... ' 
o.4 • O. ß . -•- . . . .•/ . .. 
ß 0.5 / 
/ 
, ß -I- . _[_ . / . . 
K •x 0.2 / 0.4 0.5 . 
0.4 •-•- -i- Q-•--r 
4 ' ' 
0.2 
o 
WEDDELL SEA CFC- 11 
(pmol/kg) 
i 




52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 
0.02 ' / ' ß ß 












Figure 2. (continued) 
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Figures 2d and 2e show three separated bottom ar- 
eas with CFC-11 higher than 1.2 pmol/kg and CFC- 
113 higher than 0.06 pmol/kg. There is also a CFC 
maximum above the bottom at stations 25-27. These 
features could be the result of different circulation pat- 
terns as the bottom water circumnavigates bathymet- 
ric features. However, similar CFC concentrations cor- 
respond to slightly different potential temperatures: 
about -0.7øC at station 31, about -0.8øC at stations 
25-27, and about -0.9øC at station 23 (Figure 3). Ear- 
lier work based on potential temperature and salin- 
ity data [e.g., Foster and Carmack, 1976; Gordon et 
al., 1993; Gordon, 1998] suggested that multiple (up 
to three) distinct sources of Weddell Sea Bottom Wa- 
ter exist in the western Weddell Sea. The distinct 
tracer signatures in the data presented here also sug- 
gest that multiple sources along the western Weddell 
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Figure 3. Potential temperature-CFC-11 relation- 
ships for selected WOCE section A23 stations. Fig- 
ure 1 shows the location of the stations. Station 14, 
in the southern Weddell Gyre, shows a deep CFC-11 
maximum around -0.45øC. CFC-11 concentrations for 
Weddell Sea Deep Water warmer than -0.5øC are of 
similar magnitude in the southern (stations 9 and 14) 
and northern (stations 32 and 39) Weddell Gyre and 
much higher than those near the gyre's center (stations 
23 and 27). Bottom values at stations 27 and 31 are 
warmer than the bottom waters at station 23 but have 
similar CFC-11 concentrations. 
For Weddell Sea Deep Water, potential temperatures 
between 0øC and-0.7øC, the potential temperature 
and salinity fields do not offer evidence contrary to its 
formation solely by the upwelling of Weddell Sea Bot- 
tom Water. They represent Weddell Sea Deep Water 
as a thick layer with properties intermediate between 
those of the Lower Circumpolar Deep Water above and 
the Weddell Sea Bottom Water below. Other tradi- 
tional tracers such as dissolved oxygen and nutrients 
[e.g., Whitworth and Nowlin, 1987] show weak evidence 
of direct continental shelf contributions to Weddell Sea 
Deep Water. In contrast, the CFCs (Figures 2d, 2e and 
3) reveal Weddell Sea Deep Water characteristics which 
indicate that in addition to upwelling, direct contribu- 
tions from the continental shelf into the margin of the 
gyre are important for the renewal of the Weddell Sea 
Deep Water reservoir. 
Weddell Sea Deep Water with very low CFC con- 
centrations (CFC-11 less than 0.1 pmol/kg and CFC- 
113 below detection limit) is found near the center of 
the gyre. Indeed, for a given horizontal level, Weddell 
Sea Deep Water has higher CFC concentrations in the 
northern and southern limbs than near the gyre's axis 
(Figure 2). Station 39 (Figure 3) shows that for a given 
potential temperature or density surface (compare Fig- 
ures 2a and 2c), Weddell Sea Deep Water in the eastern 
Scotia Sea has higher CFC concentrations than Weddell 
Sea Deep Water anywhere else along the WOCE A23 
section. The CFC-11 concentrations of the Weddell Sea 
Deep Water at station 32 (northern Weddell Sea) are 
higher than 1 pmol/kg, that is, only slightly less than 
the CFC-11 concentrations in Weddell Sea Bottom Wa- 
ter observed at stations 23 to 31. These characteristics 
are consistent with Weddell Sea Deep Water, formed 
recently by contributions from the continental shelf of 
the western Weddell Sea, flowing eastward in the Scotia 
Sea and against the southern flank of the South Scotia 
Ridge, as per Locarnini et al. [1993]. Additionally, the 
CFC concentrations in the Weddell Sea Deep Water of 
this region will be enhanced by strong mixing with the 
Weddell Sea Bottom Water below and through interac- 
tion with the highly ventilated waters of the Weddell 
Scotia Confluence. 
The deep core of comparatively recently ventilated 
Weddell Sea Deep Water at the south side of the Wed- 
dell Gyre is apparent in Figure 3 by the above-bottom 
maximum of CFC-11 at station 14, and also the rela- 
tively high levels of CFC-11 for potential temperatures 
less than 0øC at station 9. These concentrations are 
comparable to those of the Weddell Sea Deep Water at 
the north side of the Weddell Gyre, that is, stations 32 
and 39. The northside stations are known to feature 
high concentrations due to their proximity to the Wed- 
dell Sea Deep Water source locations and the Weddell- 
Scotia Confluence, as noted above. Given that the west- 
ward flowing southern core of comparatively high-CFC 
Weddell Sea Deep Water is very much further around 
the course of the Weddell Gyre from the traditionally 
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recognized sources in the southern and western Weddell 
Sea, its origin is not immediately obvious. 
From the arguments given above, it seems very un- 
likely that the core of high-CFC Weddell Sea Deep Wa- 
ter in the southern Weddell Gyre is merely the contin- 
uation of the recently formed Weddell Sea Deep Water 
observed in the northern Weddell Gyre, now returning 
westward to the traditionally recognized source regions 
in the southern and western Weddell Sea. However, 
to examine this possibility quantitatively, we calcu- 
lated mean CFC concentrations and ratios for Weddell 
Sea Deep Water with potential temperatures around 
-0.45øC and CFC-11 concentrations greater than 0.4 
pmol/kg in the northern and southern limbs of the Wed- 
dell Gyre. The value of 0.4 pmol/kg was chosen since 
this CFC isoline seems to bound the deep southern high- 
CFC core. In addition, this choice excludes the CFC- 
poor Weddell Sea Deep Water from the northern Wed- 
dell Sea, but includes the high-CFC Weddell Sea Deep 
Water which has been influenced by the Weddell Sco- 
tia Confluence. Consequently, this selection is the most 
rigorous test of whether the northernside Weddell Sea 
Deep Water could be the origin for the deep southern 
high-CFC core. The results are summarized in Table 1. 
Owing to the small sample sizes and the different sizes 
of the samples representing each limb of the Weddell 
Gyre, we will concentrate on the signals suggested by 
the mean ratios and concentrations shown in Table 1. 
Apparent ages are derived from the tracer ratios as- 
suming that the surface temperature at the time of for- 
mation was the freezing point and that all compounds 
were equally saturated. Furthermore, it is assumed that 
subsequent to formation the waters did not mix with 
other CFC-bearing waters. As noted previously, this 
assumption is somewhat artificial; its imposition does, 
however, provide a constraint on the range of possible 
periods elapsed since ventilation occurred. 
For Southern Hemisphere surface waters with tem- 
peratures close to the freezing point, the ratio be- 
tween CFC-11 and CFC-12 concentrations increased 
until 1980. Since then it has decreased, and surface 
ratios in 1995 were similar to those in 1974 [Elkins et 
al., 1993; Curmold et al., 1994]. In contrast, the ratio 
between surface concentrations of CFC-113 and CFC-11 
has continuously increased from near zero in the early 
1960s to about 0.1 in 1995 [Fisher and Mid91ey , 1993; 
Walker et al., 2000]. The CFC-11/CFC-12 ratios pre- 
sented in Table 1 suggest that the Weddell Sea Deep 
Water, both in the northern portion and in the south- 
ern portion of the Weddell Sea, was ventilated some- 
time during the period between 1974 and the time of 
collection. It is therefore impossible to resolve the ap- 
parent age, and the ratios suggest only that the water 
was formed sometime in the 21 years prior (i.e., 1974- 
1995) to the WOCE A23 section. However, the similar 
mean ratios between CFC-113 and CFC-11 in the north- 
ern and southern Weddell Clyre, about 0.031, suggest 
Weddell Sea Deep Waters with potential temperatures 
around -0.45øC in both regions were formed approxi- 
mately 18 years prior to the WOCE section A23, that 
is, around 1977. These identical apparent ages indicate 
that it is very unlikely that the high-CFC waters in the 
southern portion of the Weddell Oyre represent the re- 
turning westward flow of the Weddell Sea Deep Water 
observed in the northern Weddell Oyre, since this sce- 
nario would require the southern core to be very much 
older than the northern waters. 
Although the ratios in Table 1 clearly do not support 
the hypothesis of the southwestern Weddell Sea as the 
unique source of Weddell Sea Deep Water, we do not re- 
ject it solely on this evidence. As mentioned above, one 
must exercise extreme caution when using CFC ratios. 
However, the mean concentations from the WOCE A23 
and other expeditions also offer evidence against the 
Table 1. Potential temperature, salinity, CFC concentrations, and CFC ratios for Weddell Sea 
Deep Water with potential temperatures between-0.3 and-0.6øC and CFC-11 concentrations 
greater than 0.4 pmol/kg, from data collected uring World Ocean Circulation Experiment section 
A23, March-April 1995 
Potential Salinity CFCll CFC12 CFCl13 CFCll/ CFCl13/ 
Temperature, øC pmol/kg pmol/kg pmol/kg CFC12 CFCll 
Southern Weddell Gyre - Stations 9 to 16 
mean -0.458 34.659 0.486 0.236 0.016 2.060 0.0309 
s.d. 0.072 0.002 0.054 0.026 0.012 0.087 0.0218 
n 12 12 12 11 12 11 12 
Northern Weddell Gyre - Stations 28 to •1 
mean -0.427 34.655 0.589 0.293 0.020 2.039 0.0314 
s.d. 0.099 0.003 0.144 0.060 0.013 0.085 0.0173 
n 18 18 18 17 18 17 18 
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south and west Weddell Sea being the unique forma- 
tion location for Weddell Sea Deep Water in the Wed- 
dell Gyre. 
In the Southern Hemisphere, surface seawater con- 
centrations of CFC-11 stopped increasing in 1993 and 
remained constant until 1995, the year we completed 
WOCE section A23. CFC-12 and CFC-113 concentra- 
tions were still increasing in 1995 [Walker et al., 2000]. 
In general, the CFC concentrations of deep and bot- 
tom waters increased in time up until the mid-1990s, 
reflecting the increasing concentrations in near-surface 
waters. In early 1995, CFC mean concentrations for 
Weddell Sea Deep Water around -0.45øC in the south- 
ern Weddell Gyre near 20øW were about 80% of those 
in the northern Weddell Gyre at 30øW. While unlikely, 
it could be argued that the 20% decrease simply reflects 
the time required for Weddell Sea Deep Water formed 
in the western Weddell Sea to flow around the Weddell 
Gyre to the location at which it was sampled. How- 
ever, in addition to the evidence from the A23 CFC ra- 
tios given above, CFC data collected previously during 
the Ajax expedition [Weiss et al., 1990] also indicate 
that the south and west Weddell Sea is not the only 
source region for Weddell Sea Deep Water in the Wed- 
dell Gyre. For example, data collected in 1984 along 
the Greenwich meridian (i.e., further east in the Wed- 
dell Gyre than the A23 section) show deep CFC-11 con- 
centrations with a maximum of around 0.2 pmol/kg in 
the northern Weddell Gyre. In addition to this, there 
is a core of high-CFC water adjacent to the Antarctic 
slope at around 3000-4000 m. Concentrations here are 
very similar to the highest values at the north side of 
the Weddell Gyre, that is, around 0.2 pmol/kg. If the 
southern core here represented waters which originated 
in the south and west Weddell Sea, they would have 
to have traversed around the north side of the Weddell 
Gyre. Given the temporally increasing nature of the 
CFC-11 transient, the concentrations at the north side 
of the Weddell Sea would have to be higher than those 
at the south side. Since this condition is not met, it 
confirms that the southern core originates outside the 
south and west Weddell Sea. 
Given that formation in the southern and western 
Weddell Sea cannot explain the deep southern core ob- 
served around 20øW on A23, an alternative hypothesis 
is needed. We suggest that the deep core of high CFCs 
along the continental slope of the southeastern Wed- 
dell Sea represents a source of Weddell Gyre Antarc- 
tic Bottom Water located outside the western Weddell 
Sea. This additional source enhances the CFC concen- 
trations of the Weddell Sea Deep Water formed in the 
western Weddell Sea and appears as deep CFC maxima 
above the bottom in the southern limb of the Weddell 
Gyre. 
The distribution of dense shelf waters is a good in- 
dicator of the possible locations of Antarctic Bottom 
Water sources outside the Weddell Sea. Hydrographic 
data, collected mainly during the summer, indicate that 
east of WOCE section A23, the nearest reservoirs of 
dense shelf waters exist in the Indian sector of the 
Southern Ocean around 50øE and the Amery Basin 
(75øE) [e.g., Smith and Tr•guer, 1994; Kim, 1995; Whir- 
worth et al., 1998]. Different investigators have re- 
ported formation of Antarctic Bottom Water in the lat- 
ter area. For instance, Jacobs and Ceorgi [1977] used 
potential temperature, salinity, dissolved oxygen, and 
silicate measurements to locate a source of Antarctic 
Bottom Water near 60øE. Middleton and Humphvies 
[19891 presented temperature and salinity data which 
suggest formation of Antarctic Bottom Water warmer 
than -0.7øC around 60øE. Mantisi et al. [1991] used 
CFC measurements to suggest formation of Antarctic 
Bottom Water somewhere between 60øE and 70øE. We 
speculate that a portion of the Antarctic Bottom Wa- 
ter formed in the Amery Basin and environs flows west- 
ward along the continental slope and appears in the 
southern Weddell Gyve as the deep CFC maxima ob- 
served near 20øW. Indeed, and as noted above, CFC 
data collected along 0øE during the Ajax expedition 
show a deep maximum adjacent to the Antarctic conti- 
nental slope, supporting our speculation. Furthermore, 
CFC data collected at 30øE in early 1993 during the 
WOCE/CIVA1 cruise [Archambeau et al., 1998] show 
a deep maximum along the Antarctic continental slope 
at similar depths and potential temperatures to those 
of the deep southern CFC maxima we observed near 
20øW. Similar CFC features were observed along the 
Antarctic continental slope near 35øE and 53øE in 1996 
during the WOCE section S4 in the Indian Ocean sec- 
tor (T. Whitworth III, personal communication, 1997). 
The signals in the Ajax, WOCE, and other CFC data 
sets collected in the Atlantic and western Indian sec- 
tors of the Southern Ocean [Orsi et al., 1999] agree 
with the proposed westward flow of Antarctic Bottom 
Water formed in the Amery Basin and environs to the 
western Weddell Sea. 
If this scenario is true, the apparent age of this core 
where it crosses the A23 section can be used to deter- 
mine a mean westward velocity of deep waters formed 
in the Amery Basin and advected to the Weddell Sea. 
Given that the apparent age of the high-CFC core in 
the southern Weddell Gyve is 18 years, and that the 
shortest distance between the two regions is approxi- 
mately 3900 km, the derived mean velocity is slightly 
lower than 0.7 cm s -•. However, because of the lim- 
itations of using CFC ratios to determine water mass 
ages, this nmnber serves only as a lower bound to the 
true mean westward velocity; it is not inconsistent with 
the mean current velocities estimated by Fahrbach et al. 
[1994b] along the Antarctic continental slope at 10øW. 
Although not revealed by the summer distribution of 
shelf waters, winter contributions from the continental 
shelf between about 30øW and 60øE cannot be disre- 
garded. However, the scarce winter data collected in 
the region do not show evidence for such events [e.g., 
Ohshima et al., 1996]. It has been argued that Wed- 
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dell Sea Deep Water might also be formed during win- 
ter in the polynyas that appear in the central Wed- 
dell Gyre [Gordon, 1978]. If these winter contributions 
do sometimes occur, they would add to the signals de- 
scribed above, and which we associate with the perma- 
nent sources of Weddell Sea Deep Water. 
Given the temporal trends in the CFC source func- 
tion, a significant signal in the CFC distribution does 
not conclusively show that the ventilated water is vol- 
umetrically important. Elevated CFC concentrations 
could simply represent a small-volume contribution of 
recently ventilated water. To estimate the contribution 
of recently ventilated waters, saturation concentrations 
were calculated for each CFC. Analysis of the surface 
data suggests undersaturation of the three compounds 
by 15-20% [Meredith et al., 1996]. Assuming similar 
undersaturations at the time of formation, one can es- 
timate the surface concentrations at the time of forma- 
tion. A comparison of these calculated values and the 
mean concentrations presented in Table I suggests a 
surface contribution of 20 - 25% for the deep waters in 
the northern limb of the Weddell Gym and 18 - 20% for 
the waters in the southern limb of the Weddell Gym. 
While these numbers are subject to all of the caveats 
previously discussed, they do suggest that the venti- 
lated waters in the southern limb of the Weddell Gym 
are volumetrically important. 
We conclude that Weddell Sea Deep Water in the 
Weddell Gyre is not formed and sustained only by the 
upwelling of Weddell Sea Bottom Water. Direct contri- 
butions to Weddell Sea Deep Water from the Antarc- 
tic continental shelf of the Weddell Sea and the Amery 
Basin are the most likely and simple explanation for 
the features observed in the transient tracers fields dur- 
ing WOCE section A23. In any case, it is clear that 
Weddell Sea Deep Water entering the western Weddell 
Sea does not simply represent old, recirculated water. 
It includes important contributions from sectors of the 
Antarctic continental margin outside the western Wed- 
dell Sea, which imprint on it CFC concentrations of 
similar magnitude to those in Weddell Sea Deep Water 
in the northern Weddell Gym near 30øW. In contrast 
to Weddell Sea Bottom Water, Weddell Sea Deep Water 
can flow directly out of the Weddell Gyre and renew the 
Antarctic Bottom Water reservoir of the world oceans. 
Thus the direct renewal of Weddell Sea Deep Water by 
many sources is a crucial component in any work dealing 
with the pathways, tracer fluxes, and formation rates of 
Antarctic Bottom Water. 
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